Using a simple model for nuclear GPDs, we study the role of the neutron contribution to nuclear DVCS observables. As an example, we use the beam-spin asymmetry A A LU measured in coherent and incoherent DVCS on a wide range of nuclear targets in the HERMES and JLab kinematics. We find that at small values of the momentum transfer t, A A LU is dominated by the coherent-enriched contribution, which enhances A A LU compared to the free proton asymmetry A 
I. INTRODUCTION
Hard exclusive reactions such as Deeply Virtual Compton Scattering (DVCS), γ * T → γT ′ , and hard exclusive meson production (HEMP), γ * T → MT ′ , have emerged as indispensable tools to access the microscopic (parton) properties of hadrons [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] . In the above reactions, T and T ′ stand for any hadronic target (nucleon, pion, atomic nucleus); M denotes any meson. Note that the above reactions may also include transitions between different hadronic states such as e.g. N → ∆, p → n, N → Nπ [15, 16, 17] and production of pairs of mesons [18] .
In the Bjorken limit (large Q 2 ), the QCD factorization theorem for DVCS and HEMP on any hadronic target [13, 14] states that corresponding scattering amplitudes factorize in convolution of perturbative (hard) coefficient functions with nonperturbative (soft) matrix elements, which are parameterized in terms of generalized parton distributions (GPDs).
GPDs are universal (process-independent) functions that contain information on parton distributions and correlations in hadrons and in matrix elements describing transitions between different hadrons (see above).
In this paper, we consider DVCS on nuclear targets, γ * A → γA, which gives an access to nuclear GPDs. We would like to single out the following three important roles of nuclear DVCS:
• It gives information on nucleon GPDs, which is complimentary to that obtained in DVCS on the free proton;
• It allows to study novel nuclear effects, which decouple from DIS and elastic scattering on nuclei;
• It imposes stringent constraints on theoretical models attempting to give a covariant description of the nuclear structure.
In this paper, we deal with the first point. In particular, we examine the role of the neutron contribution to nuclear DVCS asymmetries on a wide range of nuclei. This allows one to constrain neutron GPDs, which are not directly accessible.
Nuclear DVCS opens possibilities to study novel nuclear effects, which seem to be predominantly encoded in the real part of the DVCS scattering amplitude. It was speculated in the framework of the nuclear liquid drop model that the so-called nuclear D-term, which contributes to the real part of the nuclear DVCS amplitude, has a fast, non-trivial dependence on the atomic number A (A 7/3 vs. naively expected A 2 ) [19] . This observation was confirmed by an analysis of nuclear GPDs using the Walecka model [20] . In that analysis, the fast A-dependence of nuclear GPDs comes from nuclear meson degrees of freedom. Hence, the measurement of DVCS observables sensitive to the real part of the DVCS amplitude gives a possibility to study non-nucleon (mesonic) degrees of freedom in nuclei.
In the small Bjorken x B limit, a model for nuclear GPDs, which combines the model for nucleon GPDs based on the aligned-jet model with phenomenological parameterizations of usual nuclear PDFs, was suggested in [21, 22] . It was found that the ratio of the real parts of the nuclear to nucleon DVCS amplitudes has a very unexpected behavior as a function of x B , which is very different from the corresponding ratio of the imaginary parts. The latter was found to be similar to the ratio of the nuclear to nucleon structure functions measured in inclusive DIS. This, again, hints that novel nuclear effects might be lurking in the real part of the nuclear DVCS amplitude.
The third role of nuclear DVCS is related to the fact that nuclear GPDs, similarly to nucleon GPDs, should obey the fundamental properties of polynomiality and positivity. In order to achieve these properties, theoretical models used to build nuclear GPDs must give a covariant description of the nuclear structure, which imposes severe constraints on the nuclear models. This problem was discussed in relation to modeling deuteron GPDs in [23] .
The literature on nuclear DVCS and nuclear GPDs in not numerous and can be readily comprehensively overviewed.
Originally, the formalism of deuteron GPDs was developed in [24] . The formalism of nuclear GPDs of any spin-0, spin-1/2 and spin-1 nuclei was presented in [25] . Assuming that nuclei are collections of free protons and neutrons, predictions for DVCS observables (asymmetries) were made. In particular, in accord with the earlier result of [26] , it was predicted that the nuclear DVCS beam-spin asymmetry is enhanced compared to the free proton asymmetry, A A LU (φ)/A p LU (φ) ∼ 5/3, for spin-0 and spin-1/2 nuclei. Up to now, the main theoretical approach to dynamical models of nuclear GPDs is the convolution approximation, which assumes that nuclear GPDs are given by convolution of unmodified or modified nucleon GPDs with the distribution of nucleons in the nuclear target.
The latter distribution is obtained from the non-relativistic nuclear wave function. Within the convolution approximation, there were considered GPDs of such nuclei as deuterium [23, 27, 28] [20] (in that analysis, besides nucleons, meson degrees of freedom were also used in the convolution).
While the convolution approximation is reliable for x B > 0.1, it is not applicable for small
x B , where such coherent nuclear effects as nuclear shadowing and antishadowing become important. A model of nuclear GPDs for heavy nuclei, which takes into account nuclear shadowing and antishadowing, was proposed in [21, 22] (see also the discussion above).
Another important aspect of nuclear DVCS, at least from the practical point of view, is the interplay between the coherent (the nucleus remains intact) and incoherent (the nucleus excites or breaks up) contributions to nuclear DVCS. This was studied in [26] and a general expression for nuclear DVCS asymmetries, which interpolates between the coherent and incoherent regimes, was derived. It was predicted that for the coherent contribution, in the kinematics of the HERMES experiment, the ratio of the nuclear ( It is the main goal of the present work to go beyond this approximation and to study the role of the neutron contribution in coherent and incoherent nuclear DVCS observables (asymmetries).
On the experimental side, initial measurements of nuclear DVCS were reported by the HERMES collaboration at DESY [33] and more data on nuclear DVCS at HERMES is expected [34] . The CLAS collaboration at Jefferson Lab recently reported a measurement of DVCS on deuterium with the aim to study the neutron GPDs [35] . It is planned that nuclear GPDs will be studied at Jefferson Lab at the present 6 GeV and the future 12 GeV energy of the electron beam. At high energies, nuclear GPDs will be studied at the LHC in ultraperipheral nucleus-nucleus collisions, see e.g. [36] , and at the future Electron-Ion
Collider.
This paper is organized as follows. In Sect. II, we explain our model of nuclear GPDs.
The interpolating formula between the coherent and incoherent regimes of nuclear DVCS is derived in Sect. III. Predictions for the nuclear beam-spin DVCS asymmetry in HER-MES and JLab kinematics, with an emphasis on the neutron contribution, are presented in Sect. IV. We summarize and discuss our results in Sect. V.
II. MODEL FOR NUCLEAR AND NUCLEON GPDS
We use a simple model for nuclear GPDs that captures main features of the dependence of nuclear GPDs on the atomic number A and on the momentum transfer t. We assume that For simplicity, we shall consider spin-0 nuclei. In this case, there is only one leading-twist quark nuclear GPD, H q A , which can be expressed in terms of the free proton and neutron quark GPDs H q and E q as follows,
where F A (t) is the nuclear form factor normalized to unity; m N is the nucleon mass; other variables are introduced below. Note that the GPDs H q and E q enter Eq. (1) in the combination that leads to the proper nuclear charge form factor [26] .
The Bjorken variable x A is defined with respect to the nuclear target. In the laboratory frame, we have
where ν is the photon energy; M A is the mass of the nucleus. From the relations
it follows that
Next we find the relation between x and x N . In the symmetric notation [8] , the outgoing interacting quark carries the plus-momentum k + = (x + ξ A )P + A , see the left-hand side of Fig. 1 . On the other hand, k + can also be written as (see the right-hand side of Fig. 1 )
In this derivation, we used the assumption that P + N = P + A /A. Therefore, with help of Eq. (4), we find that
In the forward limit, Eq.
(1) reduces to the model for nuclear quark parton distribution functions (PDFs),
These nuclear PDFs satisfy the baryon number (total charge) and momentum sum rules,
Taking the first x-moment of the nuclear GPD weighted with quark charges, one obtains the nuclear electric form factor,
where The fact that the right-hand side of Eq. (9) does not depend on ξ A means that the first x-moment of H q A satisfies polynomiality. An examination shows that higher x-moments of H q A do not satisfy polynomiality, even if the proton and neutron GPDs do. As we mentioned in the Introduction, it is an outstanding theoretical challenge to build a model of nuclear GPDs with the property of polynomiality.
DVCS observables are expressed in terms of the so-called Compton form factors (CFFs), which are defined as nuclear GPDs convoluted with the corresponding hard scattering coefficients. For spin-0 nuclei, to the leading order in α s , the only CFF reads
An important corollary of Eq. (10) is that H A scales as A 2 .
In our analysis, for the nucleon CFFs H p,n and E p,n , we used results of the dual parameterization of nucleon GPDs [37] , which gives a good description of the data on DVCS cross section and DVCS asymmetries on the proton target. In the modeling of the nucleon GPD
For the nuclear form factor F A (t), for 4 He, we used the result of [38] . For other nuclei, we used the parameterization of nuclear charge density distributions [39] (see Appendix for details).
III. COHERENT AND INCOHERENT NUCLEAR DVCS
In the situation, when the recoiled nucleus is not detected, measurements of DVCS observables with nuclear targets necessarily involve the coherent and incoherent contributions [26] .
The former contribution corresponds to the case when the nuclear target stays intact, and it dominates at small values of the momentum transfer t. The latter contribution corresponds to the case when the initial nucleus A transforms into the system of A − 1 spectator nucleons (bound or free) and one interacting nucleon, and it dominates at large t. In the approximation of closure over the final nuclear states, the exact structure of the final system In order to correctly sum the coherent and incoherent contributions to the eA → eγA cross section, let us schematically write the corresponding amplitude as, see e.g. [40] ,
where A * represents the final state consisting of A nucleons (coherently scattered nucleus or any product of the nuclear dissociation); J i represents the operator corresponding to the interaction with the nucleon i (one-particle operator); the summation runs over all nucleons of the target; ∆ is the momentum transfer. Assuming that the states |A * form a complete set, the cross section summed over the nuclear final states can be expressed in the following form,
where dσ N /dt is the scattering cross section on the bound nucleon; dσ N /dt corresponds to the quasi-free nucleon; t ′ = A/(A − 1) t [40] . For the sake of the argument, we did not distinguish between protons and neutrons. Adopting the HERMES terminology, we shall call the first term in the last line of Eq. (12) coherent-enriched [34] . The second term is the incoherent contribution.
The dependence of the coherent-enriched contribution on t is steep and is governed by the nuclear form factor squared F 2 A (t ′ ). Therefore, this contribution dominates the nuclear cross section at small t. The t-dependence of the incoherent contribution is much slower and is determined by the t-dependence of the cross section on quasi-free nucleons dσ N /dt.
While this contribution is present at all t, it dominates the nuclear cross section at large t.
Besides the t-dependence, the coherent-enriched and incoherent contributions have different A-dependences. The coherent-enriched contribution scales as A(A − 1); the incoherent contribution scales as A.
Let us now consider the case, when the recoiled nucleus is intact. In this case, |A * = |A in Eq. (11), and the expression for the eA → eγA cross section becomes
In Eq. (13), dσ A /dt is the genuine coherent nuclear scattering cross section, which scales as A 2 and whose t-dependence is steep and is given by the nuclear form factor squared F 2 A (t).
Using Eq. (12), the full-fledged differential cross section for the eA → eγA reaction [10] can be written as a sum of the coherent-enriched and incoherent contributions,
where T A is the amplitude for the coherent eA → eγA scattering; T i are the amplitudes for quasi-free incoherent eA → eγA scattering; the (A − 1)/A factor originates from Eq. (12); the (x B /x A ) 2 factor is required for the incoherent contribution not to depend on A; φ is the angle between the lepton scattering and the production planes.
It is important to note that the prefactor (A − 1)/A corresponds to the DVCS amplitude In Eq. (14), in the laboratory frame,
where E is the energy (momentum) of the incoming lepton. Note that the variables y, ǫ and t are the same for nuclear and nucleon targets.
For the comparison with the free nucleon case and with experiments, it is convenient to express σ A as a function of x B ,
For the BH amplitude squared, (A − 1)/A 3 should be replaced by (Z − 1)/(ZA 2 ).
For illustration, let us consider the DVCS contribution to Eq. (16) . In this case,
2 , see Eq. (10). Therefore, the first term in Eq. (16) behaves
The second term has the t-dependence determined by the nucleon GPDs and scales as A.
In the situation, when the recoiled nucleus is detected, the eA → eγA cross section is purely coherent, and it reads
IV. NUCLEAR DVCS ASYMMETRIES
In this section, as an example of DVCS asymmetries, we consider the beam-spin nuclear DVCS asymmetry in the presence of the coherent and incoherent contributions, with an emphasis on the neutron contribution. We make predictions relevant for the HERMES and JLab kinematics.
A. Coherent and incoherent contributions to DVCS asymmetries
Expressions for nuclear DVCS asymmetries can be readily obtained from Eqs. (16) and (17) . In this work, we consider the beam-spin asymmetry, A LU , which is measured with the longitudinally-polarized lepton beam and the unpolarized target.
The nuclear and nucleon amplitudes squared in Eqs. (16) and (17) receive contributions from the DVCS and Bethe-Heitler (BH) scattering amplitudes and their interference,
where I = T * DVCS T BH + T * BH T DVCS . The expression for the nuclear DVCS beam-spin asymmetry reads [10] 
where ∆I = 1/2(I λ=1 − I λ=−1 ) with λ the helicity of the incoming lepton; all other contributions correspond to the unpolarized beam.
In the situation corresponding to Eq. (16), each term in Eq. (19) contains the coherentenriched and incoherent contributions,
Expressions for the free nucleon contributions I p,n , |T p,n BH | 2 and |T p,n DVCS | 2 in terms of cos φ and sin φ-harmonics are derived in [10] . As a model of the nucleon GPDs, we used the results of the dual parameterization of nucleon GPDs with J u = J d = 0 [37] .
Expressions for I A , |T
A BH | 2 and |T A DVCS | 2 for spin-0 zero nuclei are the same as for the pion [41] , after the replacement of the pion charge form factor by the nuclear one evaluated
In the case of the purely coherent scattering corresponding to Eq. (17), the terms in
Eq. (20) should be replaced by the following expressions,
In the purely coherent case, the nuclear form factor is evaluated at the momentum transfer t.
Using Eqs. (19), (20) and (21) 
B. Nuclear DVCS beam-spin asymmetry A LU in HERMES kinematics
In the measurement of nuclear DVCS at HERMES, the recoiled nucleus is not detected, but reconstructed using the missing mass technique [33, 34] . This corresponds to the situation, when one sums over all final nuclear states. This means that the nuclear beam-spin DVCS asymmetry, A A LU , receives contribution from the coherent-enriched and incoherent terms and is given by Eqs. (19) and (20) . original analysis [26] . In that work, is was predicted that A A LU (φ)/A p LU (φ) → 1 as t becomes large, if the neutron contribution to the nuclear asymmetry is neglected. In the present work, we went beyond this approximation and found that the neutron contribution is not negligible and leads to A A LU (φ)/A p LU (φ) < 1. Therefore, studies of the incoherent contribution to nuclear DVCS asymmetries is a sensitive tool to constrain neutron GPDs. The CLAS collaboration at Jefferson Lab explored this possibility using the deuterium target [35] .
Note also that the neutron GPDs enter the model of nuclear GPDs, see Eq. (1). Hence, nuclear DVCS observables in the coherent regime also provide certain constraints for the neutron GPDs, albeit those constraints are less stringent and more model-dependent compared to the incoherent regime.
By studying the t-dependence of the nuclear DVCS cross section, the HERMES analysis In the right panel of Fig. 5 , the ratio A A LU (φ)/A p LU (φ) at small t is close to unity because the neutron contribution is suppressed by the small value of the neutron Dirac form factor F 1n (t).
As |F 1n (t)| increases with increasing |t|, the ratio A There exists an exciting possibility to study purely coherent nuclear DVCS at Jefferson Lab using the BoNuS recoil detector. In particular, an experiment to study A LU in coherent and incoherent DVCS on 4 He has been proposed. Main advantages of the proposed experiment compared to HERMES is exclusivity of the measurement, which will allow to measure the purely coherent DVCS, and small projected errors due to high statistics, which will enable one to unambiguously determine the magnitude of A LU in the coherent and incoherent regimes. In addition, the proposed experiment might shed some light on the question of modifications of nucleon GPDs in nuclear medium. 
V. CONCLUSIONS AND DISCUSSION
Using a simple model for nuclear GPDs, we studied the role of the neutron contribution to nuclear DVCS observables. As an example, we used the beam-spin asymmetry A We found that at small values of the momentum transfer t, A In this work, we considered one kind of DVCS observables, namely, the beam-spin asymmetry. We expect that for other DVCS asymmetries, such as e.g. for the beam-charge DVCS asymmetry, the ratio of the nuclear to the free proton asymmetries will be qualitatively sim- [26] . All results presented in this work, data grids for the dual parameterization of the nu- DE-AC05-06OR23177. The U.S. Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce this manuscript for U.S. Government purposes.
APPENDIX: INPUT FOR CALCULATION OF DVCS ASYMMETRIES
In this Appendix, we collect all expressions used in our numerical analysis of the nuclear and proton DVCS beam-spin asymmetries, see Eqs. (19) , (20) and (21) .
The interference, Bethe-Heitler and DVCS terms, which enter Eqs. (19) , (20) and (21) 
Nuclear part
Expressions for the cos φ and sin φ-harmonics of a spin-0 zero nucleus are the same as for the pion case [41] after the replacement of the pion GPD and the electric form factor by their nuclear counterparts (one has also divide the pion harmonics involving GPDs by the factor of x due to a different normalization of the interference and DVCS terms used in [41] ). The required harmonics read
where K is the so-called kinematic K-factor [10] ; λ is the incoming lepton helicity.
The nuclear form factor F A entering Eq. (A.2) is evaluated at t ′ = A/(A − 1)t for the coherent-enriched contribution and at t for the purely coherent case.
For
4 He, the nuclear form factor is parameterized as
where a = 0.316 fm and b = 0.681 fm [38] .
For other nuclei used in this paper, the nuclear form factor is defined as
where ρ A (r) is the nuclear charge density distribution taken in the following form [39] . The neutron electromagnetic form factors are parameterized in the following form [10] F 1n (t) = − t 4m 12) where k n is the neutron anomalous magnetic moment, k n = −1.91. [2] X. D. Ji, Phys. Rev. D 55, 7114 (1997).
[3] X. D. Ji, J. Phys. G 24, 1181 (1998) [arXiv:hep-ph/9807358].
